Inorganic-organic hybrid lead halide perovskites, consisting of the soft lead halide octahedral framework and the organic molecular cations, are among the key materials for the next generation photovoltatics. Theoretical studies predicted that both the inorganic and organic components are mechanically soft with profound dynamic disorder at room temperature, which can dominate the structural stability and even affect the carrier transport. We investigate ultrafast vibrational dynamics of CH3NH3PbI3 under pre-resonant photoexcitation with a 1.5-eV light pulse, where the perturbation from photoexcited carriers is expected to be minimized. The optical pulse induces transient polarization anisotropy in the PbI6 octahedral network as well as in the alignment of the methylammonium cations (MA + ). This is followed by coherent angular bending of the PbI6 sublattice at 0.5 THz and libration and torsion of MA + at 4 and 8 THz. The frequencies of the PbI6 angular bending and the hydrogen-bonded MA + torsion exhibit clear phonon downchirps, demonstrating in the real time the strong anharmonicities of their vibrational potentials that were predicted by previous theoretical studies. arXiv:1911.10711v1 [cond-mat.mtrl-sci] 
I. INTRODUCTION
Organic-inorganic hybrid lead halide perovskites such as CH 3 NH 3 PbI 3 have attracted great attention in the past few years not only because of their excellent performances in solar cells and other opto-electronic applications but also their unusual physical properties [1] [2] [3] . The material consists of the heavy inorganic lead halide octahedral framework (PbI 6 ) and the light organic group (CH 3 NH 3 ) embedded in them. The structural and electronic properties of the hybrid perovskites are expected to be dominated by the inorganic sublattice, because they are essentially similar to those of the all-inorganic perovskites such as CsPbI 3 . The conduction band minimum (CBM) and the valence band maximum (VBM) of both materials consist primarily of Pb and halogen orbitals [4, 5] , and the structural deformation of the inorganic sublattice can lead to the modification of the band gap energy [3, [5] [6] [7] . The inorganic framework is mechanically soft and exhibits dynamic disorder involving largeamplitude halogen atom motions [1, [8] [9] [10] , which leads to a structural instability and the order-disorder transition with temperature [3, [10] [11] [12] [13] . The low-frequency optical phonons of the heavy inorganic sublattices can also be involved in the phonon-bottleneck effect that slows down the carrier cooling [14] [15] [16] .
The roles of the organic molecule such as the methyl ammonium cation (CH 3 NH + 3 or MA + ) in the electronic and structural properties have been less understood [17] , although the hybrid perovskites tend to show slightly improved structural and optoelectronic properties compared with their all-inorganic counterparts. A theoretical study predicted that the hydrogen bonding with MA + * ishioka.kunie@nims.go.jp can affect the (static) bond lengths and angles of the PbI 6 octahedra and thereby the band gap energy [4] . In addition, the cations, both organic and inorganic, are predicted to be dynamically disordered at room temperature [8, 18] . For the organic cations with an electric dipole moment, this can lead not only to the screening of the carriers photoexcited in the inorganic sublattice [14] but also to the creation of a long-range potential fluctuations on sub-100 fs time scale and nanoscale spatial localization of the CBM and VBM [6, 19] . A hypothetic mechanism involving such charge localization has been proposed to explain unusually efficient carrier transport in the lead halide perovskites, in which the interfaces between the oppositely polarized ferroelectric nanodomains, also called ferroelectric large polarons, offer separate "highways" for oppositely charged carriers [20] [21] [22] [23] .
Experimentally, the atomic motions (phonons) and their coupling with electronic states of the lead halide perovskites have been studied extensively by means of Raman scattering spectroscopy. At room temperature, however, the Raman spectra typically consist of weak broad bands, especially in the low frequency region where the vibrations of the inorganic cages and of the rigid organic molecules appear [24] [25] [26] [27] [28] [29] [30] [31] . This is because the static spectroscopy detects the temporal average of the lattice structure that has dynamic disorder on picosecond time scale [6, 11, 19 ]. An alternative approach is to excite coherent phonons with an ultrashort optical pulse and detect them in the time domain in a pump-probe scheme. Most of the previous time-resolved studies on hybrid lead halide perovskites [15, [32] [33] [34] [35] employed resonant photoexcitation conditions and detected the coherent phonons as a weak oscillatory modulation superposed on an intense signal of long-lived photoexcited carriers. Another previous study with THz-pump [36] directly excited a low-frequency phonon without creat-ing photocarriers but measured it with a limited timeresolution. By contrast, a transient absorption study on all-inorganic CsPbBr 3 detected coherent phonons with superior signal-to-noise (S/N) ratio and time-resolution under pre-resonant photoexcitation, and revealed that the phonon frequency varies dramatically with time [37] . This finding is in contrast to the coherent phonons in a typical inorganic crystal such as silicon [38] but appears consistent with strong vibrational anharmonicity that had been predicted for all-inorganic perovskites by theoretical studies [11, 13] .
In the present study we investigate the ultrafast phonon dynamics of hybrid lead halide perovskite CH 3 NH 3 PbI 3 under pre-resonant photoexcitation, in which we can minimize the interference from long-lived photoexcited carriers and ferroelectric large polarons. Periodic modulations arising from the coherent motions of the PbI 6 networks and the MA + molecules are observed in the transient transmissivities. The good S/N ratio allows us to time-resolve the coherent phonon frequencies and demonstrate the phonon chirping, giving a direct experimental evidence to the strong anharmonicities in their vibrational potentials.
II. EXPERIMENTAL METHODS
The sample consist of a glass substrate, a 250-nm thick polycrystalline CH 3 NH 3 PbI 3 film and a polymethyl methacrylate (PMMA) capping layer. The sample fabrication follows the procedures employed in the actual perovskite solar cells fabrication, as described in details elsewhere [39] [40] [41] . Pump-probe transmission measurements are performed in ambient condition using an output of a Ti:sapphire oscillator with 12-fs duration and 80 MHz repetition rate as the light source. The laser pulse has a broadband spectrum extending from 750 to 880 nm (1.65 to 1.41 eV), and only a small fraction exceeds the nominal bandgap of CH 3 NH 3 PbI 3 (1.6 eV at room temperature [39] ). Pump-induced changes in the transmissivities are measured in two different schemes. In "isotropic" detection scheme, the horizontally (x) polarized incident probe beam and its x component after the sample are detected with a pair of balanced Si PIN photodetectors to obtain ∆T x . In "anisotropic" detection scheme, the incident probe light is polarized at ∼45 • from x so that its x and y components after the sample are detected with the balanced photodetector pair to obtain ∆T x − ∆T y . The latter scheme has an advantage of giving better S/N ratio but has a disadvantage of being unable to detect isotropic (∆T x = ∆T y ) signals. In both schemes, the signal from the photodetector pairs is pre-amplified and averaged in a digital oscilloscope, typically over 10,000 scans, while the time delay t between the pump and probe pulses are swept at 20 Hz. and among the MA + cations, both of which fluctuate randomly on a few hundred femtosecond time scale in the absence of pump electric field [8, [46] [47] [48] . As the initial photo-induced polarization diminishes, a complicated coherent oscillation emerges instead, as shown in Fig. 1b . The early coherent responses of both ∆T x /T and (∆T x − ∆T y )/T are dominated by short-lived oscillations at ∼4 and 8 THz (∼130 and 260 cm −1 ), which can also be recognized as distinct peaks in the Fourier transformed (FT) spectra in Fig. 1c . At later times after 1 ps, only ∆T x /T is modulated by a long-lived oscillation at ∼0.5 THz (∼16 cm −1 ), which is also seen as a sharp peak in the corresponding FT spectrum. The FT spectrum of (∆T x − ∆T y )/T exhibits additional small peaks at ∼16 and 32 THz indicated with arrows in Fig. 1c . The frequencies of the FT peaks are compared with those reported in the previous Raman, time-resolved and theoretical studies in Table I . The lowest frequency observed in ∆T x /T is close to that of the PbI 6 octahedral angular bending [15, 32-34, 36, 43, 45] and can be assigned accordingly. The frequencies of ∼4 and 8 THz agree reasonably with those of the libration and the torsion of the rigid MA + molecule reported at 120-180 cm −1 [26, 28, 34, 43] and at 215-290 cm −1 [24, 26, 30] , respectively. The atomic motions corresponding to these modes are schematically illustrated in Fig. 2a -c. We note that the rotation of a free MA molecule is Raman inactive, but its restricted rotations such as libration and torsion in the inorganic octahedral framework become Raman active due to the lowering of the symmetry [30] . Previous studies demonstrated that the MA + torsion mode, which was also referred to as restricted rotation or twisting, was especially susceptible to temperature as well as to halogen substitution, indicating that this mode is contributed by the H-I bonding between the MA + and the PbI 6 [30, 35, 44] . The frequency of the small FT peak at 32 THz is close to that of the C-N stretching of the cation [24, [43] [44] [45] . The frequency of another small FT peak at 16 THz, by contrast, has no direct counterpart in the previous reports. We tentatively attribute it to the FIG. 2. (a-c) Schematic illustrations of atomic motions observed as coherent phonons in the present study: PbI6 angular bending (a), MA + libration (b) and MA + torsion (c) [45] . (d) Schematic illustration of an atomic vibration in a strongly anharmonic vibrational potential (red solid curve). Impulsive photoexcitation induces a coherent vibration at a large amplitude, whose frequency is higher than that of the same mode at a small amplitude. Black dotted curve represents the effective harmonic potential.
overtone of the MA + torsion based on its frequency.
Coherent phonons in a transparent solid can be driven by an ultrashort optical pulse via impulsive stimulated Raman scattering (ISRS), in which a broadband optical pulse can offer multiple combinations of two photons whose energy difference matches the phonon energy [49] . Once generated, the coherent atomic motions can modulate the transmissivity T via change in the imaginary and real parts of the complex refraction coefficientñ = n+iκ: where i and j in the subscripts represent the directions x, y or z. Here we approximate that atomic displacement ∆Q modifies κ and n through the band gap energy E g and the polarization (electric susceptibility) χ, where (∂E g /∂Q) ij and (∂χ/∂Q) ij represent the deformation potential tensor and the first-order Raman tensor. We expect the coherent PbI 6 angular bending motion to periodically modify E g , as also reported in a previous study [36] , because the CBM and VBM of CH 3 NH 3 PbI 3 consist predominantly of Pb 6p and I 5p orbitals [4, 29] . This would contribute primarily to an isotropic modulation of the transmissivity (∆T x = ∆T y ). By contrast, the MA + vibrations are expected to modify χ rather than E g , because the molecular cation is linked to the deep valence bands [50] . The anisotropy observed in their transmissivity modulation suggests that the pump light initially creates anisotropic MA + molecular alignment, around which the molecules oscillate coherently but dephase rapidly. The coherent PbI 6 angular bending at 0.5 THz has a relatively long dephasing time ( 10 ps) and can be fitted reasonably to a damped harmonic function A(t) = A 0 exp(−Γt) sin(2πνt+φ) for t >1 ps, which is typical for an intrinsic decay through phonon-phonon or electronphonon scattering [51, 52] . The coherent MA + libration and torsion at ∼4 and 8 THz, by contrast, not only dephase much faster but also suddenly reduce their ampli- tudes at t ∼0.4 ps regardless of pump density, as shown in Fig. 3 . The reduction in the amplitudes occurs on the time scale similar to the fast (0.3-0.58 ps) reorientation of an MA + molecule within the PbI 6 cage reported in previous studies [46] [47] [48] , and can therefore be attributed to the loss of the optically induced polarization coherence among the MA + molecules through hydrogen-bonding interaction with the surrounding PbI 6 octahedral framework.
To visualize the time-evolution of the coherent vibrations, we perform time-windowed FT on the oscillatory components of the transmissivity changes and plot the FT spectral amplitudes as functions of frequency and time-window position in Fig. 4 . We see that the frequency of the MA + libration at ∼4 THz is nearly independent of time window position. By contrast, those of the PbI 6 angular bending at ∼0.5 THz and the MA + torsion at ∼8 THz exhibit clear downchirps, or downshifts with time, for the first 2 and 0.5 ps, respectively. Previous theoretical studies predicted double-welled vibrational potentials that are nearly biquadratic at large amplitudes, as schematically shown in Fig. 2d , for both the PbI 6 sublattice and the hydrogen-bonding network between MA + and PbI 6 [1, 3, 8, 10-13, 53, 54] . The downchirps observed in the present study can therefore be understood as an experimental manifestation of the theoretically predicted anharmonicities. The phonon frequency shows a downchirp because the vibrational potential is steeper when the atom is displaced at a large amplitude right after photoexcitation, and become less steep as the amplitude is reduced with time. Figure 4b also shows a weak dip/peak structure at 16-18 THz and an even weaker peak at ∼33 THz, which correspond to those observed at 16 and 32 THz in the time-integrated FT spectra in Figs. 1c and 3d . The 16-THz mode appears as an asymmetric peak with a dip on the low-frequency side in both time-windowed and time-integrated spectra. This is typical of a Fano interference between a discrete phonon state and an electronic continuum, which were also reported in previous Raman and coherent phonon studies on silicon and bismuth [38, 55, 56] . In the present study, the electronic continuum is photo-induced polarization rather than photoexcited carriers, however, and the discrete phonon state is an overtone rather than a fundamental phonon mode. Like the fundamental MA + torsion mode at 8 THz, the overtone also shows a clear downchirp that occurs on the similar time scale (∼0.5 ps), which supports our tentative assignment.
IV. CONCLUSION
We have investigated the ultrafast vibrational dynamics of CH 3 NH 3 PbI 3 under pre-resonant photoexcitation with a femtosecond optical pulse, in which we expect that photoexcited carriers and ferroelectric polarons do not substantially interfere the observation. Following the creation of short-lived anisotropic polarizations, coherent angular deformation of PbI 6 cage and restricted rotations of MA + have been monitored in the real time in transient transmissivity. The MA + libration and torsion are damped within half a picosecond due to the reorientation of the molecules, whereas the PbI 6 bending lasts longer than 10 ps. Time-windowed FT analyses have revealed phonon downchirps for the PbI 6 bending and the hydrogen-bonded MA + torsion, demonstrating experimentally the strong anharmonicity of the vibrational potentials that had been predicted theoretically. We thus reveal the vibration dynamics of CH 3 NH 3 PbI 3 at room temperature on sub-picosecond time scale, which is difficult to obtain by means of time-integrated vibrational spectroscopy due to its ultrafast dynamic lattice disorder.
